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We showed for the first time the validity of photothermal measurement for determination of internal 
quantum efficiency, which is one of the most fundamental values for energy conversion systems.  The 
measurement method using photoacoustic detection in the present study can be applied to a wide variety 
of samples and measurement conditions. 
  
Quantum efficiency (QE) is one of the most fundamental values for energy conversion systems using 
photon energy including solar cells, photoluminescent materials, photocatalysts, and photoelectrodes.  
QE can be divided into internal quantum efficiency (IQE) and external quantum efficiency (EQE) by its 
definition.  For photoelectrochemical (PEC) systems using n-type and p-type semiconductor 
electrodes, which can drive thermodynamically uphill reactions using photon energy,1-9 EQE is 
frequently estimated because it is important from the viewpoint of applications.  EQE is calculated 
as a number ratio of current flowing through the circuit to incident photons, and it is called incident 
photon-to-current conversion efficiency (IPCE).  Although EQE can be estimated easily, only EQE data 
are not sufficient to discuss whether photoabsorption rate or reaction rate separately have a large 
influence on PEC performance.  On the other hand, IQE is calculated as a number ratio of current 
flowing through the circuit to absorbed photons, and it is called absorbed photon-to-current 
conversion efficiency (APCE).  Therefore, reaction rate can be discussed separately from absorption 
rate if IQE data are available.  However, it is almost impossible to determine the number of absorbed 
photons for a solid sample due to light scattering unless the sample is transparent.  Therefore, 
estimation of IQE is not easy in the case of a porous electrode with a large surface area, and there 
have been few studies showing IQE data for a transparent photoelectrode calculated by light 
harvesting efficiency (LHE). 
A method for determination of IQE for a PEC reaction over a semiconductor electrode using 
photothermal detection was first reported at the end of the 1970s,10 and the applicability of this 
method for IQE determination has been supported by results of subsequent studies.11-25  In this 
method, joule heat generated by a current flowing in a depletion layer region is analysed as a function 
of applied potential, and IQE can be determined by the intercept of the obtained graph.  This 
photothermal detection can be applied to opaque and strongly light-scattering materials because the 
absorbed photon energy is evaluated thorough heat generated by photoexcitation.  Moreover, 
measurement of light intensity is not required.  However, experimental evidence for the validity of 
this method has not been shown by a comparison of conventional and photothermal methods for a 
transparent sample, though some studies have shown a comparison between IQE and EQE.11-13 
Here, we show experimental evidence of the validity of IQE measurement using a transparent 
semiconductor film on a transparent conductive substrate.  In previous studies, the photothermal 
signal was detected by attaching a thermistor,10-15 piezoelectric sensor,16,17 microphone18-20 or 
pyroelectric sensor21-23 on the back side of an opaque sample, i.e., direct coupling method.  However, 
the detection cannot be applied to semitransparent ~ transparent samples because background noise 
is increased by light transmitted through the sample.  Although the photothermal deflection 
method24,25 can be applied to such a sample, it is difficult to avoid upsizing of the optical system and 
optical adjustment.  In contrast, photoacoustic (PA) detection,26,27 which is one of the photothermal 
detection methods, can be applied to various kinds of samples including transparent, semitransparent 
and opaque samples if a gas-microphone PA cell, in which the sample and microphone are spatially 
separated in order to avoid the influence of transmitted and scattered light, is utilized.  We have 
developed a PA spectroscopic system for evaluation of photocatalytic materials using a micro-electro 
mechanical system (MEMS) microphone.28-30  This system enables measurement with high stability 
under various conditions.  In the present study, we carried out PEC and PA measurements of a 
transparent bismuth vanadate (BiVO4) electrode simultaneously, and we compared IQE determined 
from PA measurement with IQE derived from EQE and LHE.  This is the first report showing the 
validity of IQE measurement of PEC by photothermal detection. 
A BiVO4 film as an n-type semiconductor was deposited on a fluorine-doped tin oxide-coated glass 
(FTO glass) substrate by the metal organic decomposition (MOD) technique.3,7  Typically, commercial 
MOD solutions for bismuth oxide and vanadium oxide were mixed, and butyl acetate and ethyl 
cellulose were added.  The solution was coated on FTO glass (Geomatec, 10 ohm/sq, 0.5 mmt) with 
a spin-coater, and it was heat-treated using an electric furnace at 500°C for 30 min.  The samples 
prepared without and with ethyl cellulose are denoted as wo-EC and w-EC, respectively.  LHE of the 
prepared transparent sample was estimated using a homemade spectroscopic system (Fig. S1), which 
was customized to minimize the influence of light scattering on a BiVO4/FTO sample. 
 
 
Fig. 1  Schematic illustration of the system for simultaneous PEC and PA measurements. 
 
PEC measurement using a three-electrode type cell (Ag/AgCl as a reference electrode and Pt as a 
counter electrode) and a potentiostat (Princeton Applied Research, 263A) equipped with a lock-in 
amplifier (Stanford Research Systems, SR830) and PA measurement were carried out simultaneously.  
The electrolyte used was 0.1 mol/L Na2SO3 + 0.1 mol/L Na2SO4 (pH 9.5).  A homemade PA cell with 
an acrylic body and a quartz window was used.  For PEC measurements, the PA cell was attached to 
the back side (glass side) of a sample electrode, and photoirradiation was carried out from the glass 
side or BiVO4 film side.  A laser diode module (Edmund Optics, 85-227, 405 nm, 10.2 mW) was used 
as the light source, and the output intensity was modulated at 2.6 Hz.  A schematic image of the 
measurement system is shown in Fig. 1. 
Fig. S3 shows a photograph of BiVO4/FTO.  For the wo-EC sample, transparency was observed, 
while lower transparency and a deeper yellow colour were observed for the w-EC sample, indicating 
that w-EC has porous thicker films.  Since the wo-EC sample has high transparency, 
transmittance/reflectance (T/R) measurement was carried out.  From transmittance for FTO glass 
and BiVO4/FTO, transmittance values of BiVO4 (TBiVO4) was calculated from equation (1). 
 
 TBiVO4 = TBiVO4/FTO / TFTO      (1) 
 
where TFTO and TBiVO4/FTO are transmittance values of FTO glass and a BiVO4/FTO sample.  In the case 
of LHE for glass-side irradiation, LHE of the prepared BiVO4 film can be calculated from equation (2). 
 
 LHE = TFTO (1 – TBiVO4 – Rglass-side)    (2) 
 
where Rglass-side is reflectance between BiVO4 and FTO, and it was calculated using the reflective indices 
of FTO (2.0) and BiVO4 (2.8).31 
In the case of LHE for BiVO4-side irradiation, LHE of the prepared BiVO4 film can be calculated from 
equation (3). 
 
 LHE = 1 – TBiVO4 – RBiVO4-side     (3) 
 
where RBiVO4-side is reflectance between BiVO4 and air, and it was estimated from reflectance of a 
BiVO4/FTO sample by BiVO4-side incidence.  LHE values of the prepared BiVO4 film by glass-side 
incidence and BiVO4-side incidence were estimated to be 25.7% and 13.8%, respectively.  The reason 
why LHE value by glass-side incidence was larger than that by BiVO4-side incidence can be explained 
by much larger value of RBiVO4-side than Rglass-side, which is caused from difference between two refractive 
indices of materials at the interface (air/BiVO4 and FTO/BiVO4).  The estimation of LHE was carried 
out in an air atmosphere, while PEC reaction was measured in the aqueous electrolyte solution.  
Therefore, IQE derived from EQE and LHE (described later) includes a slight error. 
As shown in previous studies, a BiVO4 electrode as an n-type semiconductor is known to show a 
photoanodic current under an appropriate bias condition.  Fig. 2a shows the photocurrent of a 
BiVO4/FTO electrode (wo-EC sample, glass-side irradiation).  The photocurrent increased and then 
showed an saturation tendency as an applied potential, and average EQE was calculated to be 9.3% in 
the limiting photocurrent region of 0.4 ~ 0.8 V using the following equation. 
 
 EQE = (1240 × jph) / (λ × P)     (4) 
 
where jph is photocurrent, λ is incident wavelength, and P is the intensity of incident light to the 
BiVO4/FTO sample.  Therefore, average IQE was calculated to be 36.3% from LHE of 25.7% using the 
following equation. 
 
 IQE = EQE / LHE        (5) 
 
Fig. 2b shows E(ΔP/ΔP0) as a function of applied potential.  When the electrode is illuminated with 
a light having an energy E with an average absorbed intensity I for time t, the following equation can 
be obtained by considering the energy balance within the electrode.10-17 
 
 E(ΔP/ΔP0) = (Qsc + TΔS)/(I t) + η(V – Vfb)  (6) 
 
 
Fig. 2  (a) Photocurrent and (b) E(ΔP/ΔP0) of a BiVO4/FTO electrode (wo-EC sample, glass-side irradiation) in 
aqueous Na2SO3+Na2SO4 electrolyte as a function of applied potential. 
where ΔP is PA intensity with an applied potential V, ΔP0 is PA intensity for an open circuit, Qsc is the 
heat evolved, ΔS is the entropy change, and Vfb is flat-band potential.  In the limiting photocurrent 
region, a plot of E(ΔP/ΔP0) against (V - Vfb) yields the IQE, η, from the slope of the straight line.  In the 
limiting photocurrent region of 0.4 ~ 0.8 V (Fig. 2b), η of 37.3% was obtained from the slope of the 
straight line, and the η value coincides with IQE calculated from EQE and LHE.  The result indicates 
that PA measurement in the present study is valid for IQE determination of a PEC system using a 
photoelectrode. 
Moreover, we expand this method in order to make it applicable even in the case of no appearance 
of a plateau region in photocurrent curves.  Here, we used η(V) instead of the constant value η, which 
means η is function of V.  Because (Qsc + TΔS)/(It) is also expressed as a linear function of η(V), which 
is directly proportional to photocuurent jph(V), we can obtained the following modified equation, 
 
 E(ΔP/ΔP0) = (C1 jph(V) + C2) + C3 jph(V) (V – Vfb)   (7) 
 
where C1, C2 and C3 are constant values and C1 jph(V) + C2 = (Qsc + TΔS)/(I t) and C3 jph(V) = η.  In the 
region of >Vfb, C1, C2 and C3 can be determined by curve fitting of Fig. 2b using equation (7) and 
photocurrent data in Fig. 2a as jph(V).  By using this method, the average value of η(V) at 0.4 ~ 0.8 V 
was estimated to be 36.0%, and it agrees with the η value estimated by the previous method (37.3%) 
and IQE calculated from EQE and LHE (36.3%).  The results indicate that the method using curve 
fitting with equation (7) is applicable to determination of IQE even in the case of no appearance of a 
plateau region. 
We carried out the same experiment with change only in the irradiation direction because PEC 
performance depends on the irradiation direction as a result of differences in photoabsorption and/or 
diffusion lengths of electrons and positive holes.  In general, a long migration distance of electrons 
is preferable to that of positive holes for an efficient PEC reaction over an n-type semiconductor.  Fig. 
S4 shows the photocurrent and E(ΔP/ΔP0) of a BiVO4 electrode (wo-EC sample, BiVO4-side irradiation) 
as a function of applied potential.  Although EQE and IQE differed depending on the irradiation 
direction (glass-side or BiVO4-side irradiation) as expected, IQE estimated from PA measurement 
coincided with IQE obtained from EQE and LHE.  The reason for the higher IQE for BiVO4-side 
irradiation is that positive holes generated close to the electrolyte interface were utilized in oxidation, 





Fig. 3  (a) Photocurrent and (b) E(ΔP/ΔP0) of a BiVO4/FTO electrode (w-EC sample, glass-side irradiation) in 
aqueous Na2SO3+Na2SO4 electrolyte as a function of applied potential. 
 
Finally, in order to show the applicability for a semi-transparent sample, a w-EC sample was also 
measured in the same manner.  Fig. 3 shows the photocurrent and E(ΔP/ΔP0) of a BiVO4 electrode 
(w-EC sample, glass-side irradiation) as a function of applied potential.  Even for a semi-transparent 
sample, results similar to those shown in Fig. 2 were obtained, and EQE and η were calculated to be 
4.6% and 10.3%, respectively, in the limiting photocurrent region of 0.4 ~ 0.8 V of Fig. 3, respectively.  
Therefore, LHE of the sample was calculated to be 44.7% using equation (5), and the LHE value was 
Table 1  Summary of T/R, photocurrent and PA measurements.  







dη /% eη /% 
wo-EC completely glass-side 25.7 9.3 36.3 37.3 36.0 
wo-EC completely BiVO4-side 13.8 5.9 42.5 40.2 40.9 
w-EC semi- glass-side – 4.6 – 11.4 10.3 
aLHE was estimated from T/R measurements using equations (1) ~ (3).  bEQE was calculated using 
equation (4).  cIQE was calculated from EQE and LHE using equation (5).  dη was calculated using 
equation (6).  eη was calculated using equation (7)  EQE, IQE and η are the average values at 0.4 ~ 0.8 V 
vs Ag/AgCl of applied potential. 
larger than that of the wo-EC sample.  These are reasonable results because a thick film was 
observed from the appearance (Fig. S3). 
The present study showed for the first time the validity of IQE measurement of PEC over a 
semiconductor photoelectrode by means of photothermal detection using PA detection.  The system 
used in the present study has various advantages over the systems used in previous studies.  The 
advantages include (1) applicability for a sample with semi-transparency and low IQE, (2) no 
requirement for a high applied potential and light source emitting high-intensity and short-wavelength 
light, and (3) easy attachment of the PA cell to a sample electrode and easy detachment from the 
electrode.  As a future prospect, IQE determination might be possible by correction using PA 
intensity attributed to an electrocatalyst even if it possesses light absorption.  A new method using 
curve fitting, which enables IQE determination even if a plateau was not observed, was also proposed.  
We are now ready for the next step, i.e., measurements of action spectra (dependence of wavelength 
on incident light) of IQE for elucidation of the mechanism of a PEC reaction over a photoelectode. 
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